The drying conditions of spaghetti affect its properties, such as appearance, hardness and water sorption. The dried spaghetti is eaten after cooking. In this context, the water sorption kinetics of spaghetti dried under different conditions was measured at various cooking temperatures. The spaghetti was characterized by the maximum temperature during the drying: 50℃, 70℃ and 85℃. The water sorption processes of the spaghetti at any cooking temperature could be expressed by an empirical kinetic equation of the hyperbolic type, and the equilibrium moisture content and the initial rate of water sorption were estimated, taking the loss of spaghetti mass during cooking into consideration. The loss of spaghetti mass was lower for spaghetti dried at higher temperature. Maximum temperature affected the change in the enthalpy of water sorption in the temperature region to a greater degree than the gelatinization temperature of starch in the spaghetti, while it had no effect on the activation energy for the initial rate of water sorption.
Introduction
Dehydration or drying is a widely-used method for improving the shelf life of foods. Spaghetti is also dried under various conditions, where both temperature and humidity are changed with time, and the product is distributed in a dry form. Spaghetti has traditionally been dried under low-temperature conditions where the maximum temperature during drying is about 50℃, while drying under high-and veryhigh-temperature conditions where maximum temperatures are about 70℃ and 80℃ or higher, respectively, has been adopted in industrial production of dried spaghetti. Dried spaghetti is eaten after cooking or rehydration. Drying conditions affect the properties of cooked spaghetti. In particular, the maximum temperature during drying plays the most important role on subsequent properties. Petitot et al. (2009) reported based on texture measurements that spaghetti dried under high-temperature conditions had better quality after cooking than that dried under low-temperature conditions. The dependence of the properties of cooked spaghetti on drying conditions is due to changes in the inner structure of spaghetti during drying (Zweifel et al., 2003; Cubadda et al., 2007) . The major components of spaghetti are starch and protein, and the drying conditions affect their states. Guler et al. (2002) examined the characteristics of starch gelatinization in spaghetti dried under high-and very-high-temperature conditions using a rapid viscoanalyzer, a differential scanning calorimeter, an X-ray diffractometer and a polarization microscope. Baiano et al. (2006) measured the leakage of amylose from the spaghetti dried under low-, high-and veryhigh-temperature conditions during their cooking processes and showed that more amylose leaked from the spaghetti dried at lower temperature. Drying under high-temperature conditions enhanced the denaturation of protein and suppressed the swelling and collapse of starch granules (Zweifel et al., 2003) . In these studies (Zweifel et al., 2003; Cubadda et al., 2007; Guler et al., 2002; Baiano et al., 2006; Stefanis and Sgrulletta, 1990) , the properties of cooked spaghetti or the differences in the properties of spaghetti were compared before and after cooking. However, quantitative studies on the water sorption of spaghetti prepared under various drying conditions are insufficient.
Models on water sorption kinetics are broadly classified into theoretical and empirical types. The former are based on Fick's law of diffusion and are useful for understanding the phenomena occurring during the water sorption (Engels et al., 1986; Pascual et al., 2006) . However, they are not adequate for practical purposes because they include pa-ghetti based on the dry solid, X 0 , were determined by drying 0.3 g of sample, the weight of which had been accurately measured, in a convection drying oven (DO-300FA; As One, Osaka, Japan) at 105℃ for 3 days. The measurement was repeated five times. Culture tubes containing 50 cm 3 of distilled water were equilibrated at a temperature from 20℃ to 90℃ at 10℃-intervals in an SD thermominder and Personal-11 water bath (Taitec, Saitama, Japan), and at 97℃ in a stainless-steel tray placed on a digital hot plate (DP-1S; As One). A sample cut into an 8-cm sections was weighed (W 1 ) and immersed into a tube (about 15 tubes were prepared under a specific condition). At a given time, the sample was removed from the tube, immediately blotted to remove any superficial water, and weighed, W 2 . Samples were dried in a convection drying oven at 105℃ for 3 days and weighed, W 3 .
The moisture content of spaghetti, X t , was calculated by Eq. (1). 
Weight loss occurred during water sorption due to leakage of constituents from the spaghetti, and the amount of loss of spaghetti mass at any time, M t , was calculated by the following equation:
(2)
Results and Discussion
Differential scanning calorimetric measurement Figure 1 shows DSC thermograms of ground L-, H-and VHspaghetti. The onset, peak and conclusion temperatures were rameters to be determined and complex calculations. On the other hand, empirical models are conveniently used for predicting or optimizing the water sorption processes, although they lack theoretical background. Peleg's (Peleg, 1988) and Weibull's (Marabi et al., 2003) models were used to express the water sorption processes of some dried foods (Peleg, 1988; Cunningham et al., 2007; Galvez et al., 2008; Khazaei and Mohammadi, 2009; Schmidt et al., 2009 ). However, the temperature dependence of the water sorption behavior, particularly the effects of starch gelatinization on this behavior, has not fully been assessed. We reported that the expression of a hyperbolic type, in which the cooking time was divided by the square of the initial diameter of spaghetti, was useful for describing the water sorption processes of spaghetti having different initial diameters and estimating the equilibrium moisture content and the initial rate of water sorption (Ogawa et al., 2011) .
In this study, the water sorption processes of spaghetti dried under different conditions were measured and analyzed based on the kinetic expression of hyperbolic type in order to elucidate the effects of the drying conditions on the water sorption of spaghetti.
Materials and Methods
Materials Three types of spaghetti processed under different programmed drying conditions were supplied by Nisshin Foods Co., Ltd. (Tokyo, Japan). The maximum temperature and duration were 50℃ and 20 h, 70℃ and 11 h, and 85℃ and 6 h for the spaghetti prepared under low-, highand very-high-temperature conditions, respectively. The spaghetti is designated as L-, H-and VH-spaghetti, respectively. The initial diameters of the spaghetti were about 1.6 mm, which was exactly measured for each sample.
Differential scanning calorimetric measurement The gelatinization of spaghetti samples was measured using a DSC-50 different scanning calorimeter (Shimadzu, Kyoto, Japan). The sample was ground into a fine powder using a pestle and mortar. The ground sample was accurately weighed (1.5 mg) using a TGA-50 thermogravimetric analyzer (Shimadzu) and moistened with distilled water at a weight ratio of dry sample to water of around 1:6. The sample was sealed into an aluminum cell (sealed cell 201-53090; Shimadzu) using a SSC-30 sealer crimper (Shimadzu). The cell was placed on a DSC pan with another cell in which the same amount of distilled water was sealed as a reference. The samples were heated in the DSC at 5℃/min from 31.5 to 120℃. The onset, peak and conclusion temperatures for an endothermic peak were computed using analysis software supplied with the instrument. Each experiment was repeated at least twice.
Water sorption The initial moisture contents of spa- to best-fit the calculated M t values to the experimental ones using the Solver in Microsoft Excel ® , and the values at 80℃ are listed in Table 1 . The equilibrium loss of spaghetti mass was smaller for the spaghetti dried at higher temperature as Guler et al. (2002) had reported. The structure formed by protein in spaghetti would affect the loss of its mass during cooking (Malcolmson et al., 1993) , and drying at higher temperature more significantly denatured protein (Zweifel et al., 2003; Lamacchia et al., 2007) . Therefore, it is thought that the firmer network of gluten formed during drying at higher temperature resulted in a lower loss of spaghetti mass. Although the rate constant, k, tended to be larger for the spaghetti dried at higher temperature, the difference in k value was not significant. Figure 3 shows the water sorption processes of the L-, Hand VH-spaghetti at various temperatures. As defined by Eq.
(1), the moisture content, X t , was expressed as the amount of water sorbed per unit weight of dry material, taking the loss of spaghetti mass into consideration. The initial diameter of spaghetti, which was slightly different sample by sample, affects the water sorption kinetics. Therefore, the X t values were plotted against cooking time divided by the square of the initial diameter according to our previous study (Ogawa et al., 2011) . For all spaghetti samples, water sorption progressed more quickly at higher cooking temperatures. At a specific temperature, the spaghetti dried at lower temperature was more likely to sorb water. The water sorption processes were input into the following hyperbolic-type equation (Ogawa et al., 2011) :
where, a and b are constants. The constants were estimated to best-fit the calculated X t values to the experimental values using the Solver in Microsoft Excel ® . Solid curves in Fig. 3 were drawn using the estimated a and b, and the coefficient of determination, R 2 , was larger than 0.97 for any water sorption process. Temperature dependencies of equilibrium moisture content and initial rate of water sorption As shown in Fig.  3 , Eq. (4) was adequate for empirically characterizing the 51.1, 59.8 and 67.0℃ for L-spaghetti, 51.7, 59.5 and 68.5℃ for H-spaghetti, and 52.1, 60.3 and 70.0℃ for VH-spaghetti, respectively. The gelatinization temperatures tended to be higher for spaghetti prepared at higher temperatures, as shown by broken lines, and a similar trend was reported by Petitot et al. (2009) and Guler et al. (2002) . This suggests that the structure of starch is more rigid in spaghetti dried at higher temperatures.
Water sorption at various temperatures Figure 2 shows the loss of spaghetti mass during water sorption at 80℃ for the L-, H-and VH-spaghetti. Loss of spaghetti mass was measured for all the spaghetti samples at the temperatures at which the water sorption was measured. The amount of loss for any spaghetti could be empirically expressed as a function of cooking time, t, and the initial diameter of the spaghetti, d, by Eq. (3) (Ogawa et al., 2011) .
where, M e is the equilibrium loss of spaghetti mass, and k is the rate constant. The parameters, k and M e , were evaluated Water Sorption of Spaghetti 60℃, which corresponded to the gelatinization temperatures observed by differential scanning calorimetry. Therefore, the temperature dependence of the equilibrium moisture content was analyzed separately in the low and high temperature regions according to the van't Hoff equation.
where, ΔH is the change in enthalpy of water sorption and R is the gas constant. The ΔH values in the low and high temperature regions were evaluated from the slopes of the lines in Fig. 4 for the L-, H-and VH-spaghetti (Table 1 ). The ΔH value of the VH-spaghetti was large when compared with those of the L-and H-spaghetti.
The ΔH values in the high temperature regions were much larger than those in the low temperature region. Because of the high carbohydrate content of spaghetti, starch gelatinization plays an important role in water sorption. In the low temperature region, water molecules would reversibly interact with carbohydrates via a weak force such as van der Waals' force, and the weak interaction resulted in a small ΔH value. On the other hand, the hydrogen bonds of water molecules with carboxyl groups of starch are easily formed in the high temperature region higher than the gelatinization temperature, and a large ΔH value would be ascribed to the strong adhesive force. The ΔH value for gelatinization was larger for the spaghetti dried at higher temperature (Guler et al., 2002; Petitot et al., 2009) . Although the ΔH value for water sorption process of any spaghetti at various cooking temperatures, and the a and b values for any data set shown in Fig. 3 were evaluated. The equilibrium moisture content, X e , is defined as the moisture content at t = ∞ and is given by a + X 0 . In any case, the X e value was assumed to be equal to the a value because the X 0 value was much less than the a value. The a values were plotted against the reciprocal of the cooking absolute temperature, T (Fig. 4) . For any spaghetti, the plots were separated into low temperature, transition and high temperature regions (Ogawa et al., 2011) . The temperature of the transition regions ranged from 40℃ to than the gelatinization temperature. The ΔH value in the high temperature region was affected by the drying temperature, and the ΔH value was large for the spaghetti dried under the very-high-temperature conditions. The initial rate of water sorption, which was governed by water diffusion into spaghetti pores, scarcely depended on the maximum temperature of drying. gelatinization has a different meaning from the ΔH value for water sorption, the drying temperature also seems to affect the ΔH value for water sorption.
The initial rate of water sorption, v 0 , is given by differentiating Eq. (4) at t = 0 to be a/b. Figure 5 shows the relationships between the v 0 values and the reciprocal of the cooking absolute temperature. For each spaghetti, the plots lay on a straight line, indicating that the temperature dependence of the v 0 value could be expressed by the Arrhenius equation. 
where, E is the activation energy and A 0 is the frequency factor. The E and A 0 values for the L-, H-and VH-spaghetti are listed in Table 1 . Because spaghetti has pores and the diffusion of water in the pores is the rate-limiting step in the early stages of water sorption (Engels et al., 1986) , the activation energy for the initial water sorption would reflect the water diffusion in the pores. However, there were no significant differences in E value among the L-, H-and VH-spaghetti. Therefore, the maximum temperature during drying would scarcely affect the initial water intake of spaghetti.
Conclusions
The loss of spaghetti mass during cooking was lower for the spaghetti dried at higher temperature. Cooking temperature markedly affected the change in enthalpy of water sorption, ΔH, for the spaghetti dried at any temperature, and the ΔH values were estimated in the regions lower and higher 
